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Chemical Conversions in Supercntical Media: Environmentally Sound

Approdms to Processes and Matcrhls

~ Bums*. Samuei BOrkOwsky. Steve Budow, Dwid Lar@& R.iCbUd Lcbckur,

Mike MUchell,Bill Tumas, Rrkti Waymouth (Stanford University). and Paul Williams

Abstract

This is the final report for a two-year, lAmratory-Directed Rcsxwch and

Development (LDRD) project at he Los Alarms Nadonal Laboratory (LA.NL).

The aim of this effort w= tn cvahmtc chcpotential of supcrcrkicd fluids (SC5

as rcac[ion nwdia ‘man efforl to develop new, environmentally-fricndiy methods

for chemical symhcsis or processing. The w of novel media crcatcs the

possibility of opening up sutx[~n[ially diffw-tmtchcmicid pa[hways, increasing

select.ivity (eliminating waste by-products), and enhancing reaction rates

(decreasing hold-up times and saving energy). In addition. the w of SCF as

reaction media facilitates dowostmam scpasations and mitigate or clirninatc the

med for hazardous .wdvcms cm scales from bench top 10 production. This

pm.~1 employed u highly intcxdisciplinury approach 10invcshgnfc the ulilhy ctf

SCFSas rc=tion media for polymer synh%is and synthetic organic chcmisiry.

1. Backgmxmd and Research Objcctlvcs

Ilw ntx.d for cnvironmcmd ly iiicndly chemical pruccsss both for manufacturing and

remedialion is incnwing A-wm(iixlly. It has nxndy hwn cs[imatcd (hutover 7.50millioa [MIS

of RCRA huardous waste is gcncmcd annually in the Unituf SLUM11]. Chemical

manufocluring tlominaks this figure, accounting for mow th 50% (ntwly 4X) million Ma)

of& total waste m= The kcy 10cfktivc wWc managcrncntiswas&rcductkm,0s

estahlishcxiWMU tmalmcnt whnokuics cwuw provide MIccwmmhxlly viabk .soludon m Ma

problcm. Waste mducuon may bc mallad in a number of ways, i@Mng producing more

txwiromncuUIIy awcpttibk products, rcpking htuxkluc or loti rwgcnls and soknts,

invdgdng prw-bs w’ilhhigher yickls w scklivilk A nscycling by-ptwhwls.

Chemical nwnufac!unxs am swking the tdnicd rncmasto rcdirc lkw goals in clean

produclkn UIOr&r tu ruducc wtpcmlilww WI WIIIUUICUIIIpCt.idVCo



mtidtipm~l wmwedtiti-d-tidw~~

ndia forcbkal syntbis in an d“fcmto &velop nuw, cnv-mmmUUaUy-friendlymethods fnr
chemical Symhesisor pmcadng. Tllc useofnovdmcdia~ thopossibiiityof opining up

Subsmxiauy diffcmu Chcmkal prubway& incrhn~ sdcctivity (dimina@ WM& by-

products).and dancing rmcIionra= (dcxxewtinghold-up times undsavinge-y).

2. Importance to LANL’s Science and Technology Base and Nnttoaal MD

Needs

k aqwct ot”the areaof cnvimmncntalatwardship is waste minimization,cupnJhJtion

m~ ~ ~n~ of- ~bl%i~ k POMOO pfcwotkm (by process or
pmdua modifdcmkubsdtallion) is of kcy irnprmancc in Mkkasing prohkms both within ho

DOE and b die ptivatc sector. In both practicalandeconcunictenrm pollution prcvcmiunis

*best way to mitigalc the cnvimnmcn ml impiwt of Kdnt310gy. lMmf~ the M way to

ilddmss * natioaul occd to msum msponsiblc environmental mrmagemcut in & futue (in

xtivitks addrcelg bcnhnadomd dcfcme d ccanmnic~ty) is hcnvy inwstmcnt in

tcchoology to pmvcnt he gcmeralionof waste. This is mcognizcd in the DOES Wategic plan;

~rninin&tb or”cleaIl”pn3c4ngis “mcqorad cxplkitly as an inmgmlpartof msny

of the UMmicalgoals for the majorbusiness areas(in Cnvimnrncnt,energy, dcf4m!sc,and

cmnomiccompaiti~L Tltisprujcct iswtidwtlaampk of MNL’smhMsciplirtnry,

highly intqgratod apprnach to scicnax twingingtogetherMNL’s cxpwtisc in hydrothmmal
p@aain& -KM dosigllkngineeringoin-situ spcctro6copy, inorganicsynthesis, polymw

-~ W==W ~ ~~ w~~ -~tfy” It fo- ~ w ~ a W&f ~
effortin aupcrcriticalfluid tdtndogy and cnginoming(including SCF cmractiordcleaningand

hydmthcrmrdpmcsaing) caonlinatcd through@int mcctin~ 71Mindividual programs luvc a

~ Alkmship: howkd&% in ScF e4@-’MA * ~~~~r. ~ ~~-

&vclo@ prwiously in the citing ad hydmdwnd prognmu coutxibut= materially to

effofts to study pmwe-sschcmbtry, whik nxtctivilyknuwkdL% @cd in thmcuursaof lhis
projtzt will IikWisc CnluulccEfforls to ttuvulop adv4uxGdWawuW3tmwu Ethnnh@!&

Sumwsful exmuthn d’ this pgram dies on a strong multi-orgun17Mimal and

intcnkciphuxry colhbmlkm. and ctmuibutcs tu cum ML cupabiliticsin cornPlcx

cxperhnentationand mcmurcmcntand wth and envirunmcntd iqmmw
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3. Scientific Approach and Results to Date

The arcus of chernicrd synthesis and processing in which applicadort of SCF tcdmology

can make a profound impact am too numcrmu$to li.sL WCchose to ctmcuma~ our efforts on u

Aa&ivelysmall number of critical arus. rcprescnling bolh adapuims of chemical proccscs

ccmductcdin ccmvt’atiomdmedia (to dcmonstmk’.solvent substitution and evahuti process

@’m_rnanLY)and cxpcrimcntal symhcscs dcsigrnxl 10Lukeadvantag~ of he unique propcrdcs

of supwcritical fluids to hcilitatc unpnxcdcnted reaction pathways. ?IWCCresearch anxMwtm

chosen for investigation. ‘llMseareas U:

1. Metakatidynd polyrnetizuiow Palladium and nickel catalyzed po@M2Ji7a.ions of

butadiene and copolyrnerizations of dkncs wiih carbon munoxidc. This rescuch

was cmductcd in coliahorwion with Stanford University.

2. Radical Polymcrizaliotw Styrvmepolyrncrizuion. acrylate foam prutklkm, iutd

ciuionic ring opening poiymcrizatiotts in sqxxcrilical C@ for the production of

polymers of industrial imereu.

3. $mdwtic organic ClwMLstry: Iksign of cxperirncnud and analytical pmccdums to

invcsligab anionic nucim~philicsuh.sthution. Initial focus on syndwsis of

fluorotuwmmiccompounds with CXicxtsionsto other aromatic compounds und

tmactivuti, unsaturated systemk

Wc txmblishcd cqabilidcs far supcrcridcd fluids synthesis und processing (with

s@uAc. analytical. d ruuctnr y ‘stcrr ‘,,and mark signiflcam tmhnicul progress in c.ti d

the UWc rWxUch areas. Sornc of Lhctechnical msdls uro sumrruirkl below.
Wc have Lxxninvcwigating the u of supcrctiticul C@ u an cnvirtmmcrwdly benign

rcplwxtncnt wlvcnt for converuionul hydrocarbon and hakarbon solvents for a vu.rhy of

ckmical tmnsfomuttions. MM cftorts in h am 0[ Mctd<utdyzd polyrncri7ations fuwscd

on uswbIishing I-wnchrrutrksystems for IIWcomparimm of fwlymeriakn syslems in holh

wrtvmttiord media WI su~twrihl C@. The SYSLMTMchm.crtfur investigation wcte nickcl-

md pdlwliutn-twd Cmtdylic poc&u!S for Ik polymerkllion of I ,Muladitm or

copcdymerization of tmruiiene tmd urhon rmmoxidc. Co]nplaxa of h formulti

[(C3H4K)Ni(@~F3))2 (t?= M& H) arc known m wvc w catalyas for tk 1.4-

polymcriulion of butttdictw wilh vurying stcm@aritks [21. In a.tllabwuLkm wi6hFM.

Rohcfi Wuymoulh (Swntbrd [Jnivcrsity), wc invcsligulml lhc clkcl O(solvcm on this maclhn.

llw @loon Lk Mltiwing puge sumrnurims tvlcvam results frum un investigmiwt U[

the p.dymuimtinn of Idbuudienc using ((p’dl:/l)Ni(Cf:tC{n)]2 in supcrvrititxd COZ,



Entryi# SdverIt C@@Ti PrwwrG psi Tcmp C Tune h Yield % L-is % trams

1 [W 5s 68 32

2 loh.lcnc MO 55 48 69 31

3 hcpriulc 12(UI 55 44 85% 93 7

4 m. 790 1IOtl 55 54 76% 77 23

5 C02 725 2(NX) 55 4+ 78% 85 15

6 C@ 800 mm) 35 45 75% 83 17

A arnpari.son cnlry 4 with enlti 5 and 6 show that the ,Si$-ww;sstcnxchemisuy is Afe.ctcd

SOMCWfUU by R chungc in maclion pussum. In udditiorr.wc have obraincd dalu at odwr

pnxwunx and tempcraums und have inwxrigm.cd Ilw polynuxitdon l;hcmiwy of a cnhdt

cuaiyst ~’hichhos been rcptulw.1w polymcri?c 1,3-imtudicncrc~ios~ificully to syndioructic

1,2-polyhutadicnc,
UfforLsin ridical polynmizations for pdynwr production in supcruilicd Ctl~

inwxiptc.d thnx amzs: stymmcpolymcrizuion. acrylatc t“oamproduction. snd mionic ring

opining polymeriu[ions. 7hxe ureas coincick will) gclkvd industrial inuxest for [lx

production o’. polyrac.m in urrenvironmentally qxmsiblc manner. for U*Wcoatings methods

10rcxhwccmissiorrs of VOC’s(Wd:ttilc (qj:mic ctm~wwl$, md (or k produlion of f4mrls

withoul the usc of Ixmrdous blowing agent.s. Krmwic.dgc of surfacuuu chxign and usc

otwind in lhis work is dimdy appkahle to supfxwiflcal (,W) fluid ckanhtg t~chnologkx.

Stymne po[ymcrizations met with limited mccas. Itighiighs of our dfwovcrbx

henmyl pcrmitk k # supcrinr inithw. Iowcr prcwms of cnrhon di~~xi& art? petk~n!d,

styrcnic mormmxs with eicxtron withdrawing gruups Wlymti better,undm wiquU*

s~micsthiliwr WAGnot found. (Work hy nthcrsin the t-ild iridicututhtitMock copolymersO!

PDMS @Ily(dimuhylsUtwrw) umi stynmc arc useful stuhilizxs.)

Acrylwc foam pnxhrction has been WICCCMUI.Wo have found that comb polynwrs

wntuhiug PDMS UZthWI WI UL@tc buckbuuc umiw supwb dubilkrs fur k IN dyw[idws

O(acryhtw AIKI,wu U@very ncur the pmductiuu {ii’fwns in liquid wrhm tlirdde. (I;or thd

prwductiwt uffm]uisions, (IICIdfltrcwviwwsily U(;t Ilquhl phw i~IIIU(UKVLIw :kSC phww” hut
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the advanlahwsof carbon dioxide still apply.) We tINJtinelyobtain high yields of acryhtte

poiyrncr and produce !bam-like mltcriais. Pr&krns still remain with incomfdcld

Cnlutimlion.

Finally, wc kvc examined the rwtcntial of supercritical and near-critical water as a

rwwtiou rrtdiLm for imic orfgunic hxnistqF. Our imzstigatiort of nucleophihcsubstitution

reactionsin high-tcmpcrwm high-prc.ssurcwater have contimmd. and yielded co,midcrablc

infw-mation m the bchaviur O(both substrates and nuclcophiles under these conditions. Early

studies dcmrmlra;ed that hydroxkk was Apotc-ntbase under war- and supenxitical conditions.

Halogctutd arumatic subsl.rwcs(brumo. MJro, iluoro) idl rwckxl quuntitatkely witi

hydmxidc to yield phcnidic byproducts. A Imrkcd diflkrcnw !wwmn substrates was no(ed

however. Cldoro- urtd bmmo-substiutted Substrates react vu a bcnzyne xnocharthun.and yield

tine substituted phcnohc products, ~le Iluoro substmtc MCLC only via direct suhstiluthm

(e.g., SNAr mcchanisrn} to yield ip.so-suhstitutcd phenoli~ products.

Changing from hydroxide to hatogcn nuclcnphikx dctnonstr--tut tlaat[M mechanism 0[

suhstilution ulso depcrtdcd on tlw nuclcrrphilc. Rcnctions bc!wecn sodium chluritks and

twomocoluencsuhslrates gave 50-MF#Jyields d’ ipswsubdtutcd chiorrmkncs. with only

ni~or yiekls (gener.d.ly +%) of hydroxy- or hydrogen-subadtutd products (cresuls. tolwrw).

130rhahcproduct disuibution and substitution pauermschanged dmrmtidy when fluode sds
werewed as Ihe nuclwphiles, Reaclions of potassium or ce.tiumfluoride with bromotoluencs

lcd to hydroxy-sutitutccl crxrtpounds as the majorproducls (40-80% yick!s), and

fluormoluentx as mlatiw Iy ndnor producls (<IO% yicid).

The cffu~ of wirying solvent knsity (urrdthmufmu dielectric WJnsurnt)were cxurnincd

thr lhc nmctions of Iluoridc sdL$with Wnrotolucne suhstratcs. Under k uwal hasclinc

cuntiitiom dewrikd ubovc. a dmshy d 0.5 g/mL wus U.SMIJJM.Iu tcmperuturc O(400 ‘C. By

reducing the amount of wtitcr in $hc reactor, dcrwitiu of (1.3und 0.2 g/mL were also cxarnincd.

his type of n.wctionM w Iow yields of tlw desirwl Ouorinatcd byproduc~ ut M glml+ and

high yields d’ hydmxyiatcd byproducts. The mtirrcd’ftuorinarcd:hydrmylatcd wk. abut 0.2

for the.scconditiuu+. By decrttiing &nsiLy w 0,3 gAIL this ratio wu hwmscd m 0.6. A

t’urthcrdIXm.iMcin rdvctu dcnshy ro 0.2 gh7L incrcawd dte ratio ,mabout 1, This mhtction in

density also msullcd in forrntitiorrof u lwo phu.w rncdium (liquidwqwr) ul W (wcmil &wily tti.

0.2 g/mL IVULSC.wputiion occurrdd almost cxactl y af 0.3 g/mL as ohwrvcd in n high

pn%surc diamond window cell.

Iltc ovcndl IWUILSof this work intiiuuc tlm d’Ictioncupt d’ cwnduclinfinuclwqddic

suluuitutiwt ruucti(mxhutwccn itwic spccics JAndw-omuticsuhfitraks is v,ulid. This is moti Glur

for & nxwtiorwbctwccn sodium chlori&*und Imm.mrumuic WtqWnds. Ikwcvcr, k

wuctiorw w complicutcd by the pmmrcc ofhmic s~::itis such A$lluoridc M hydroxdc,



which can lead 10the hmzync mcchunism. Bcnzync chemistry Icads both to a loss oi

rcgiochemirxd conrrd and [o likely solvent pmicipation and formation of hydroxylaled

prodwxs. Manipulation of the solvent thrnugh changes in pr~wn’c and possibly phr.sc mulls

“Machangein pmdwt dislrihuticm. and may provide u mcuns of optimizing a dcsiti chcmid

transr-otmmtiom
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